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I. INTRODUCTION
Lithium niobate (LN) is one of the most attractive materials for a variety of nonlinear optical and electro-optical applications. Its unique physical properties 1 inspired the development of various optical devices, including waveguide structures, electro-optical wavelength filters, polarization controllers, efficient nonlinear frequency converters of laser irradiation, ultrafast all-optical signal processing devices, single photon sources, and photonic crystals. 2 Creation of the tailored regular micro-and nanoscale domain structures (domain engineering) by an electric-field-poling has been confirmed as an established route to improve the optical properties of LN crystals. 3, 4 Needs for lower domain periods [5] [6] [7] and strict fabrication tolerances 8 stimulate the deep study of the domain structure evolution during polarization reversal. Use of elevated temperature during the electricfiled poling process is also typical, especially for MgO doped crystals. 5 LN is the uniaxial ferroelectric, which obtains simple domain structure with 180 domain walls only. Several experimental methods can be applied for the domain visualization with high temporal and spatial resolution. 9 The screening efficiency and conductivity mechanism can be changed in wide range by crystal heating in ferroelectric phase at temperatures essentially below T c . All these properties allow using LN as the model crystal for developing of the domain engineering methods.
A. LN domain shape
Crucial parameter determining the scenario of the domain kinetics and domain shape is the ratio between switching rate and bulk screening rate. 10 In the case of "complete screening" (usual experimental conditions) isolated domains in LN demonstrate hexagonal shape with walls strictly oriented along Y crystallographic directions. At the same time, the shape of isolated domains essentially changes for ineffective switching conditions. [10] [11] [12] Incomplete screening of the depolarization field hinders the classical domain growth. The experimental study and computer simulation of the domain growth allow obtaining the continuous variation of the isolated domain shape from equilateral hexagon to three-ray stars and ray triplets. [11] [12] [13] Switching process taking place when the screening becomes absolutely ineffective demonstrates qualitatively new scenarios of domain structure evolution and various exotic discrete mechanisms of domain growth. As a result various self-organized structures, 10, [13] [14] [15] such as long nanoscale domain arrays, develop. The formation of such domain structures has been attributed to the correlated nucleation effect.
B. Properties of stoichiometric lithium niobate
The most common LN crystals grown by Czochralski technique have congruent composition (CLN) with a deviation from the stoichiometry ([Li]/[Nb] ¼ 0.942), 16, 17 which leads to the presence of such defects as niobium antisites (Nb Li ) 4þ and lithium vacancies (V Li ) À . 17 The defects have an adverse effect on the crystal properties. It is well known that LN with almost stoichiometric composition (SLN), 18, 19 i.e., with Li 2 O content approaching 50.0 mol. %, shows an increase of the electro-optical coefficient r 33 , which could have an important impact on electro-optical modulators technology, and an enhancement of the photorefractive effect for holographic memories. 20, 21 An internal field of about 2.5 kV/ mm observed in CLN crystals almost disappeared in SLN. 22 The values of the ferroelectric threshold field tend to decrease in a dramatic way as the Li/Nb ratio is approaching unit. [22] [23] [24] The lower threshold field in SLN facilitates the fabrication of the tailored domain structures.
C. Elevated temperature
The electronic type of conductivity dominates in all crystals of LN family at room temperature. The conductivity increases during heating and at the temperature above 170 C a)
Author to whom correspondence should be addressed. 25 It has been proposed that electronic conductivity along Y polar axis is anisotropic. 26 This assumption has been used for explanation of the anisotropic growth of elementary steps along the domain wall, which leads to formation of the plane walls, determined nucleation and growth of hexagonal domains. 26 This nucleation mechanism appeared itself in the domain shape stability effect representing recovery of the hexagonal shape after merging of isolated domains. The triangular domain shape is obtained in congruent lithium tantalate (CLT) ( Fig. 1(a) ).
The determined nucleation for LN and LT has changed to stochastic one at elevated temperatures where ionic conductivity prevails. The growth of the irregular shaped and circular domains has been observed in CLT ( Fig. 1(b) ). The revealed lack of the domain shape stability has led to formation of the complicated domain shapes including selforganized dendrite-type domain structures. 10, 13 
D. Dendrite domain structures in ferroelectrics
The randomly oriented dendrite domain patterns were obtained experimentally in Pb(Zn 1/3 Nb 2/3 )O 3 -PbTiO 3 (PZN-PT) [001] single crystals after application of the electric field pulses. 27 It was suggested that these unusual domain structures were a result of local defects and space charge in the relaxor PZN-PT crystals.
Formation of dendrite domain structures as a result of spontaneous backswitching after fast removal of the external field was observed during periodical poling of CLN in the regions between the stripe electrodes. 10, 11 It was shown also that the dendrite structure was appeared during backswitching as a result of finger growth from the boundaries of the hexagonal domains. This effect was attributed to instability of the domain wall shape under highly non-equilibrium switching conditions induced by super-strong backswitching fields. 10, 13 The present paper is devoted to study of the formation of dendrite-like domain shapes in the stoichiometric lithium niobate crystals during polarization reversal at the elevated temperatures.
II. EXPERIMENT
The domain shape evolution during switching at elevated temperatures was studied in Z À cut optical grade 0.5 mm thick LiNbO 3 single crystalline wafers with quasistoichiometric composition, grown by Czochralski method adding K 2 O during the growth process by SAES Getters S.P.A., Italy. 28 The sputtered 50-nm-thick Cr or In 2 O 3 :Sn conductive oxide (ITO) were used as the circular shape electrodes with a diameter of 2-3 mm on Z þ polar surface and solid electrodes on Z À surface. The polarization reversal was made by application of the single field pulse or several pulses using high voltage amplifier TREK Model 20/20c. The asymmetric triangle field pulse waveform was used (Fig. 2) . The field increased with rate of 500 V/s up to field maximum E max in the ranges of 1.10-1.65 kV/mm and decreased to zero during 0.5 s. The sample was clamped between spring-loaded aluminum rod and copper plate. The rod diameter was smaller than that of the deposited electrode. Such assembly was immersed in a silicon oil bath with an electrical heater driven by a PID temperature controller Owen TPM151. Before polarization reversal the sample was heated slowly up to 250 and 275 C. The static domain structures formed after partial polarization reversal were visualized by four methods after chemical removal of the electrodes.
1. The piezoresponse force microscopy (PFM) represents the nondestructive method which allows visualizing the domain structure at the surface with high spatial resolution. 29 A scanning probe microscope NTEGRA Aura (NT MDT, Russia) having silicon DCP20 tips with a diamondlike conductive coating and a typical radius of the curvature about 50 nm (NT-MDT, Russia) was used. AC excitation voltage U mod with amplitude 5 V and frequency 17.4 kHz was applied between the conductive tip and the solid bottom electrode in order to induce the piezoelectric response. A signal of vertical cantilever deflection, proportional to the piezoelectric surface oscillation was analyzed by lock-in amplifier SR-830 (Stanford Research Systems, USA). The obtained amplitude and phase of the PFM signal provided information about the domain structure on the surface. 30, 31 The estimated lateral resolution was about 50 nm. 2. The Raman confocal microscopy (RCM) is a new method for the domain visualization combining analytical abilities of a Raman spectroscopy and a high spatial resolution (below the diffraction limit), inherent to the confocal microscopy. It has been applied recently for domain visualization in LN and LT crystals both at the surface and in the bulk. [32] [33] [34] It has been shown in LN that mechanical stress induced by electric field in the vicinity of domain walls leads to changes of the certain lines of the Raman spectrum. By analysis of intensity and position of these lines during 3D scanning we have obtained the set of 2D images at different depths with a sufficient contrast of the domain walls. RCM imaging has been done using NTEGRA Spectra (NT MDT, Russia). The Raman spectra were recorded in Z(XX)Z configuration at room temperature using HeNe laser (633 nm, 30 mW) as a pumping source. Exposure time of 0.2-0.77 s and confocal pinhole diameter of 75 lm were used. The estimated RCM lateral resolution was about 300 nm and about 500 nm in Z direction. 3. The optical microscopy (Olympus BX-51, Japan) in transmitted and dark field modes was used for visualization of a surface relief revealed by selective chemical etching by pure hydrofluoric acid (HF) at room temperature for 1.5À2.5 min. The estimated lateral resolution was about 300 nm. 4. CrossBeam Workstation AURIGA (Carl Zeiss NTS, Germany) was used for the visualization of the etched surface relief with the highest spatial resolution. The workstation was equipped by Carl Zeiss NTS' charge compensation system, which was used for local charge compensation by gaseous nitrogen to minimize a surface charging by electrons. The SE and In-Lens detector were used for imaging. The obtained highest lateral resolution about 2 nm was achieved for 4 kV.
III. RESULTS
Appearance of the dendrite domains was observed for switching at the elevated temperatures above 230 C (Fig. 3) . After partial switching the isolated domains with typical sizes ranged from 3 to 30 lm were distributed over the whole Z þ polar surface covered by electrode. The total shape of the domain ensembles was close to six-ray star with vertices oriented strictly along Y crystallographic direction (Figs. 3(a)-3(c) ). It should be pointed out that the average length of Y þ oriented rays is longer than for Y À ones. This effect can be attributed to nonequivalence of Y þ and Y À crystallographic directions of Y polar axis. The domain walls of the branches exhibited irregular shape (loss of the domain shape stability effect) during formation of the new generation branches (Figs. 3(b) and 3(c) ). This effect enhanced essentially for application of the several electric field pulses leading to formation of more complicated dendrite structures (Figs. 3(c)  and 3(d) ).
An application of the single field pulse led to formation of the six-ray star domain shapes (Figs. 3(a) and 3(b) ). Such domains were obtained on the Z þ surface over the whole electrode area. The absence of the domain images revealed on Z À surface indicated that all domains had charged domain walls. The appearance of new domains occurred during the whole switching process in linear increasing field, thus, domains of various shapes and sizes were obtained after single pulse (Fig. 4) . The observed domain structures can be considered as corresponding to the different stages of the domain growth and can be attributed to continuous nucleation as a result of nonuniform switching for single pulse. It was shown that various shapes of isolated domains have been appeared in different fields. Hexagon shape corresponded to "young" domains formed in high field, star shape-to "middle-age" domains appeared in average field, and irregular shape -to "old" ones appeared in low field.
These domain structures qualitatively coincided with domain shapes obtained for various E max (Fig. 5) .
The domain structure evolution of nonthrough domains appeared at the polar surface has been reconstructed by analysis of the set of RCM domain images obtained at different depths. 33 The analysis was based on the following assumptions: (1) the domains nucleated at the polar surface only, (2) the ratio of the domain growth in lateral and vertical direction was constant. These assumptions were proved to be reasonable for explanation of the experimental data. 33 In such conditions the deeper images corresponded to the earlier stages of the domain evolution at the polar surface: "the deeper -the earlier". The analysis allowed us to reveal two mechanisms of the dendrite domain structure formation during application of the single pulse corresponding to different field ranges (Fig. 6) . The discrete switching (correlated formation of the isolated domains near existing domains 13, 26 ) and subsequent domain merging was obtained at low fields (Figs. 6(a)-6(c) ). The continuous domain growth was obtained at high field (Figs. 6(d)-6(f) ). The obtained unsymmetrical domain shape is due to the interaction of the growing domain with the neighboring one.
The following stages of the domain evolution during application of the single pulse were revealed (Fig. 7) . The application of two consecutive pulses leads to the formation of the dendrite shape domains as it is shown at Figs. 8(a) and 8(b) . The dendrite shape became even more complex after three pulses (Fig. 8(c) ).
The analysis of RCM domain images obtained after two pulses (Fig. 9 ) allowed us to reveal the main stages of the domain formation during the second pulse (Fig. 10). (1) Appearance of six isolated domains of second generation near the ray ends. (2) Correlated formation of 15 isolated domains of the second generation around six previous domains which suppressed the further ray elongation. The domains at Y þ ray ends generated three new domains, while the domains at Y À ends generated two new domains, because one direction was already occupied by domain ray formed during the first pulse. the second generation into five-ray stars. (4) Growth of the star domains by sideways wall motion and their merging. The incomplete merging process led to existence of the residual nanodomains which resulted in a RCM contrast between old and new domains. The dendrite domain evolution during application of the third pulse occurred in the similar manner.
The statistical analysis of the domain images allowed us to reveal the following periods of the structures: (1) main period at the first and the second stages for the single pulse 1250 6 20 nm; (2) correlated nucleation period 580 6 50 nm; (3) correlated nucleation period at the second pulse 450 6 100 nm.
It is necessary to point out that at the final stage of the dendrite structure formation the lack of the wall shape stability was observed. The nanodomains were formed at a given distance from the moving walls of the initial domain rays. The short branches of the second generation (fingers) oriented along Y direction were formed as a result of nanodomain growth and merging with the initial rays. The effect was more pronounced for switching at higher temperatures (Fig. 11) .
IV. DISCUSSION
The obtained experimental facts allowed us to suggest the self-organized formation mechanism of the dendrite domain structures. It was shown that the framework of the dendrite structure appeared due to formation of isolated domain and subsequent oriented growth of the nanodomain chains (discrete switching).
The nanodomain period in the chains was defined by correlated nucleation effect. 13, 26 It was shown by computer simulation that the period of the chain of isolated needle-like domains with charged domain walls was defined by the length of the last domain in the chain. 35 The anisotropic chain growth strictly along Y crystallographic directions observed experimentally in all crystals of LN family can be attributed to anisotropy of the bulk screening mechanism. 26 The switching at the elevated temperatures stimulated the stochastic nucleation instead of the determined nucleation at low temperatures. This fact led to qualitative change of the domain shape. The determined generation of the steps (position of the nucleation sites) at the vertices of the polygon-shape domain at low temperatures resulted in the effect of domain shape stability after domain merging. 12, 36 For instance, hexagon domain with Y oriented domain walls was formed after merging of two hexagon domains. 11, 12, 36 The independent domain growth after merging in the case of stochastic nucleation resulted in formation of complicated domain shapes including dendrite-like domain structures. The substitution of the dominated nucleation mechanism at the elevated temperature can be attributed to change of the mechanism of electrical conductivity from anisotropic electronic to isotropic ionic one.
The formation of the residual domain chains during merging of the enlarged neighboring domains was caused by electrostatic interaction between approaching domain walls. The residual depolarization fields appeared after moving domain wall for incomplete switching hampered the nucleation at the domain wall and terminated the coming wall motion. 10, 13 V. CONCLUSION We have demonstrated the formation of dendrite domain structures during polarization reversal at elevated temperature (above 230 C) in single crystals of stoichiometric lithium niobate. It has been shown experimentally that the obtained formation of the self-organized dendrite domain structures has been attributed to correlated nucleation caused by field distribution in the vicinity of the charged domain walls. It has been supposed that formation of the complicated domain shapes is caused by the stochastic nucleation at the elevated temperatures instead of determined nucleation at low temperatures due to change of the mechanism of electrical conductivity from anisotropic electronic to isotropic ionic one.
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